Here, a pathway is shown for the first time indicating competitive inhibition of cortisol by prostaglandins at the critical ligand binding domain of glucocorticoid receptors. This is significant since these materials are widely distributed: glucocorticoid receptors, cortisol and prostaglandins are found in almost every cell and tissue in the human body. In this article, a cooperative relationship is shown between cortisol and prostaglandin results during normative homeostatic conditions, and thus indicates capability of localized control, which is instructive for understanding as well as diagnosis of deviations from optimal physiological function. Moreover, as glucocorticoid receptors are nominally driven through cortisol concentration, the hypothesis developed in this manuscript indicates that the introduction of exogenous sources of prostaglandins, as associated with bacterial infection for example, might trigger dysfunctional responses, including signs and symptoms of disease like fever. The results demonstrating this association of competitive inhibition of cortisol and prostaglandins include comparative molecular modeling analyzing hydrophobic, hydrogen bonding, electrostatic and topology considerations that indicate the similarity in chemical affinity of cortisol and prostaglandin in a preferred configuration at the site of the ligand binding domain of glucocorticoid receptors. The work is useful in understanding normative physiological function as well as for developing treatments during certain diseased states.
Introduction
Because of the wide distribution throughout cells and tissues of the three bioactive materials: cortisol, prostaglandin, and glucocorticoid receptors; the work developed in this paper is important as it demonstrates a likely link and controlling association amongst these group of materials that may be crucial to determining the integrative pathways of physiological function during normative and diseased states. It is shown for the first time that configurations of the prostaglandins have a similar chemical affinity for the ligand binding domain of glucocorticoid receptors, which are prevalent in nearly every human cell. Thus, competitive inhibition is established which can significantly regulate the normative function of cells and tissues, as well as alter its function in states of diseased condition.
As a mechanism with influence over both local and systematic physiological function, including causality of many types of dysfunction and disease, the potential association via competitive inhibition at the glucocorticoid receptor of prostaglandins and cortisol is put forth in further detail. This work supports the recent research of this lab, as described in the preprint [14] , indicating for the first time that a configuration of prostaglandin E2 (PGE2) is favorable at the ligand binding domain (LBD) of glucocorticoid receptors (GR) normally occupied by cortisol. It is determined through molecular modeling, comparative analysis, and from mathematical modeling of systemic response, including the effect on producing fever. In this article, a deeper analysis of the structure is related that shows preferred configurations of PGE2 with the LBD of GR, and the association with other prostaglandins besides PGE2 as well as the expressive mechanism during normative conditions. Cortisol (CORT), a hormone that is the most abundant corticosteroid and is generated in the adrenal gland. It is critical to normative function, and is commonly associated with stress [8] . The HPA axis (hypothalamic-pituitary-axis) which is responsible for generation of cortisol in response of the body to stressful circumstances and other factors emanates from the hypothalamus and has received significant attention in the research literature [16, 6, 7, 3, 20, 9, 11] . The HPA axis involves the hypothalamic release of corticotropinreleasing factor (CRF) that binds to CRF receptors on the anterior pituitary gland, and in turn releases adrenocorticotropic hormone (ACTH). ACTH binds to receptors on the adrenal cortex and stimulates adrenal release of cortisol. To complete the feedback loop, the concentration of cortisol influences the hypothalamic release of CRF as well as the pituitary release of ACTH . The function of such corticosteroid action in the hypothalamus acts as a triggering mechanism [19] and synaptic potentiation have been noted to cortisol [6] , which would thus connect cortisol to membrane bound reception. In addition, CORT has a significant influence not only on the hypothalamus but on most bodily functions at the organ level, such as renal function [15] and vasoactive properties.
Cortisol interacts with the glucocorticoid receptor, which is widely distributed through-out the cells of the body. Dysfunction of cortisol can cause many issues: for example, too low cortisol levels due to misfunctioning adrenal gland can result in a crisis called adrenal insufficiency with symptoms that include fever, chills, fatigue, loss of appetite, stomach pain, body aches [12] . It is noted that these symptoms of adrenal insufficiency are similar to that of an infection, which is even at times misdiagnosed [4] as such. Thus, it indicates a potential relation between cortisol levels and symptoms due to infectious disease. Further, there may even be a connection with Alzheimer disease, in which it has been noted that elevated levels of glucocorticoids and HPA axis dysfunction are consistently observed in patients [2] . Further correlations can be inferred from the undulation of fever characterizing disease such as brucella [5] and the rise and fall of CORT during the day and night [17] as well as respiratory systems during sleep [18, 1] . Prostaglandins (PG) are a family of molecules that has received significant attention, but its association with cortisol has not been examined prior to this study (see a companion article of this lab [14] as well as the results presented herein). Prostaglandins differ from endocrine hormones, such as cortisol, since prostaglandins are produced locally in many places widely distributed throughout the human body, rather than at a single site like cortisol. We show thus that the association with prostaglandins thereby provides a way in which cortisol can exhibit localized control even though it is uniformly distributed throughout the systems. Moreover, prostaglandins, one of which is the most common is denoted as E2 (PGE2), is well known for appearance during infections as it is associated with bacterial and viral agents, and thus this link described in this article can help explain the source of symptoms of disease.
In this research article, the approach taken to show the association of PG with CORT and GR, is to first establish a molecular model comparing CORT and PGE2 in terms of molecular weight, chemical elements, functional groups, electrostatic metrics, hydrophobic interactions, hydrogen bonding capability, and topology. It is a striking result that at the ligand binding domain of the glucocorticoid (GR) receptor there approximately equivalent affinity for the hormone cortisol as it does for prostaglandin E2 in a preferred configuration. Additional analysis is performed by comparing with molecules closely related to CORT and PGE2, including dexamethasone and prednisone, as well as other types of prostaglandins. A simulation study at the cellular level is then analyzed to gauge how the cell may respond to exogenous inputs of CORT during normative circumstances and to exogeneous input of PGE2 during diseased state. A reference is made to experimental analysis of systemic response of external PGE2 input to conclude the study.
Results
The association of prostaglandins (PG) at GR is analyzed first through molecular models to evaluate equivalent chemical affinity with cortisol; thus competitive inhibition is established. Additional comparisons are drawn to closely related molecules of CORT and PGE2.
Cellular response is then studied comparing the output signals from exogenous pulses of CORT and PG, and closed-loop analysis is then evaluated for systemic response.
Affinity at the GR of CORT and PGE2
In Figure 1 , the chemical structure of CORT and PGE2 is presented in the standard low-energy configurations. To make our case, the first comparison is molecular weight where CORT and PGE2 are of similar molecular weight, 362.46 g/mol versus 352.46 g/mol respectively, and have nearly the same number of chemical elements 21 versus 20 carbon; 32 versus 30 hydrogen; and importantly the same number of oxygen elements, including carboxylic, hydroxyl, and carbonyl groups. CORT has a five membered ring as does PGE2 which can be formed notably from interaction of AA and COX2. Figure 1 : Expressed format of a minimal energy state, a comparison of cortisol and prostaglandin E 2 molecules denote a similarity in the number of chemical elements of carbon, hydrogen, and oxygen, hence molecular weight; the topography of the molecules in terms of relative size is similar. Moreover, the number of oxygen related functional groups is five, and is equivalent between the two molecules with 3 hydroxyl groups and 2 carbonyl groups.
When expressed in standard format outside of solution the structure of PGE2 is dissimilar to the ring structure of CORT; however through a rotation at C4 and C13 of PGE2, a structure resembling a set of rings is formed as indicated in Figure 2 . This expression maintains the same double bond arrangement of cis configuration on C5-C6 and trans configuration on C13-C14. It is also noted that the arrangement critically positions three oxygen groups together such that it is comparable in position to that of CORT. With further rotation of alignment, including out-of-plane alignment, at C6, C13, C18, the four ring structures of CORT can be approximated by PGE2, as within the core charge delocalization will be favorable and lateral stability can be established. We note that in order for this alignment to occur, there needs to be a driving force, and as we will show, the ligand binding domain of the glucocorticoid receptor provides this driving force.
In Figure 3 , the functional groups between CORT and PGE2, with rotation, are compared to demonstrate approximate chemical equivalency. In the group of I CORT and I PGE2 , three oxygen groups are present, and with II CORT and III CORT , II PGE2 and III PGE2 , one Figure 2 : (a) To establish the positioning of PGE2 to better match the activity of cortisol, the structure is proposed where there is a repositioning of PGE2 at C4 and C13. The upper branch, relative to the five membered carbon ring, is positioned such that three oxygen groups are in close proximity and the carbon groups form relative ring structures. The bottom branch is rotated such that a ring formation is roughly formed and the two double bond groups are placed in a linear path, while moving the hydroxyl group along the outer boundary of the structure. Note that the C5-C6 cis and the C13-C14 trans double bond structures are maintained. (b) By further rotation of PGE2 at C17 and out-of-plane alignment and between C20 and C6, ring closure can be approximated with C20 positioning along the double bond for resonance stabilization. Note that a seven ring structure can partially be obtained through C6, C13 and C18, leading to further delocalization of electrostatic charge.
oxygen group each. At the interior of the arrangement, a hydrophobic center exists, with the two double bonds well positioned in PGE2 to duplicate the ring structure of CORT. The greater potential mobility of the carboxylic acid group of I PGE2 is available to offset the one carbon offset of the equivalent structure of I CORT . The similarity is also present in the relative positioning of the oxygen-related functional groups of the two molecules. Based on recent high resolution crystal structures of the interaction of CORT with the ligand binding domain (LBD) of GR [10] , the approximate spatial positional relationship of PGE2 with GR, instead of CORT, is presented in Figure 4 . It appears to be a nearly identical fit between GR-PGE2 and GR-CORT. It is noted that there is significant hydrogen bonding at the three functional sites, and may even be preferred in comparison to CORT as III CORT requires the presence of water, whereas with III PGE2 the hydroxyl group is available to interact directly with Gln39 and Arg80. In I PGE2 the single hydroxyl group is available for interaction with Gln111 and Thr208.
Further examination of Figure 4 also indicates the importance of the five-membered It is noted that the three sites are correlated with I cort and I cort having three oxygen groups, with one each on the other two groups. The positioning of the functional groups is on the exterior of the PGE2 molecule, equivalent to cortisol, and the interior is composed solely of carbon and hydrogen groups. In addition, the spacing of the groups is approximately consistent, with the width approximately 5 carbon bonds wide for each. The length is about 20% shorter for PGE2 to a first approximation, however the rotation of the branches can extend the length of the molecule, if necessary. The spacing in between functional groups and angular configuration is also approximately the same.
carbon ring formed by COX2, as it positions the two branches of PGE2 to associate with the hydrogen bonding centers of LBD of GR. This establishes the hydrophobic core including the potential multi-ring structure, and the hydrogen bonding surrounding the core. It is noted that the use of aspirin and NSAIDs to block COX2 and thus the suppression of PGE2 would result in improvements of symptoms such as fever. Moreover, the ring structure of PGE2 sets-up the functional groups on the exterior of the molecular and an internal hydrophobic core, which includes a pair of carbon-carbon double bonds at C5-C6 and C13-C14 interacts with groups of GR including Leu77, Met73, Trp69, Met70, Leu32, Phe92, Cys205, Phe204 (not shown in figure but positioned below the internal core of PGE2). The internal hydrophobic core for each of CORT and PGE2 includes six carbons.
We believe that these modeling results are the first indicating the interaction of PGE2 with GR, occupying the space that CORT would normally occupy. Importantly, it indicates competitive inhibition at the ligand binding allosteric site of GR. It can be inferred that other structures where CORT interacts, such as membrane bound receptors that produce non-genomic responses, that there would be similar competitive inhibitory influence of PGE2 on CORT. Later, we show that this level of competitive inhibition during normative circumstances may actually be beneficial because it imparts localized control of an Figure 4 : For the ancestral glucocorticoid protein receptor (AncGR2), which is a stable GR useful for crystal studies, at the ligand binding domain (LBD), a fit of PGE2 very similar is noted to that which is achieved with CORT as indicated in the inset. There is substantial equivalent hydrogen bonding at the three functional groups, and at the interior there is substantial hydrophobic interaction and similarity. There may be an improved interaction with PGE2 relative to cortisol with Gln39 and Arg80 (green shaded region) since CORT requires an external water molecule since only a carbonyl group is available, whereas PGE2 already has a hydroxyl group. The three membered oxygen group of PGE2 contains enough free motion as it is unconstrained by rings to achieve optimal alignment (blue shaded region). The double bond alignment of PGE2 at the hydrophobic core is noted. It is also noted that the ring structure of PGE2 formed via the C8-C12 bond is critical to achieve the proper configuration of the two branches and subsequent fit within the hydrophobic core (gray shaded region), which incorporates two carbon-carbon double bonds. Thus the effectiveness of NSAIDs, which disrupts the formation of the C8-C12 bond, is apparent. endocrine hormone, CORT.
Comparison with DEX and PRED
To coordinate this new research on linking CORT and PGE2 at GR, we analyze the literature that involved detailed studies with molecules similar to CORT, namely dexamethasone (DEX) and prednisone (PRED) in Figure 5 . Thus, an analysis is instructive in terms of chemical affinity of DEX and PRED to relate their structural differences also to that of PGE2 to determine the functional groups where the association with the GR is strongest. From this information, a comparative analysis can be performed to estimate the chemical affinity of PGE2 at GR in comparison to CORT at GR. For example, DEX and PRED are generally more active over a longer period of time than CORT, and thus it can be inferred which functional group may be critical to the association with GR relative to the other functional groups. Using this comparative anal-ysis, it can be inferred that the double bond at C10 and C12 is important to improving the hydrogen bonding capability at C13. This would indicate that PGE2 shows a higher affiliation for GR at C15 due to the hydroxyl group instead of the carbonyl corresponding to CORT. Figure 5 : The chemical structure of DEX is similar to that of CORT, however a higher affinity that CORT within the GR is reported in [10] . It can be inferred that the precense of F on C8 and the double bond at C10 and C12 help with hydrogen bonding. PRED is also shown with a difference in lacking an F group and a double bond O at C7, which would decrease hydrogen bonding, and thus the association would seem to be closer to that of CORT.
Chemical Affinity of Other Prostaglandins at LBD of GR
In the family of prostaglandins, other configurations besides PGE2 show similarity in chemical affinity in comparison to CORT, and thus a capability for intermolecular activity with the LBD of GR and therefore competitive inhibition with CORT. Table 1 lists several other prostaglandins, and indicates the main difference with respect to PGE2, and its possible difference in association with the LBD of GR under study. The result indicates that all prostaglandin have potential for competitive association with CORT, and are capable of altering the expression of CORT if PG was not present.
Cellular expression
As prostaglandins act locally through distribution via paracrine and autocrine activity, here we put forth the hypothesis that localized neuroendocrine control can result through the competitive inhibitory nature of GR with CORT and the prostaglandins. This would be useful in this situation where a local area must function in a differential manner relative to the overall system, since hormone levels will be effectively activated at the same levels if such localized control were not available. While the local receptor density will provide localized specificity, the degree of modulation can be adapted to reflect status that can be altered dynamically. This is achieved through the localized concentration of prostaglandins. This is analyzed in this section through a modeling study, based upon the relation of the binding of PGE2 to the ligand binding domain of GR as an inhibitor to the normative binding of CORT can be expressed in a competitive inhibition relation:
In this relation, it is assumed that PGE2 does not bind to GR while CORT is occupied in the LBD, and vice versa. Thus, in Michaelis-Menten kinetics of steady-state conditions, the concentration of PGE2 and CORT are not changing appreciably and that the product of the interaction U has not significantly increased, thus the reaction velocity V can be computed as:
Thus, as the concentration of CORT is high the velocity of the reaction will run towards V max and at high concentration of PGE2, the reaction velocity will be minimized. This relation can be embedded within material balances to determine the expression of the resultant output from the cellular environment, U , and this is represented in Figure 6 .
Here, a linearized representation of the dynamics associated with the interaction of CORT and PGE2 is presented which result in an output of the cellular response, Y to inputs of cortisol hormone circulating C b , exogenous generated PGE2, also circulating, R b , and a possible neural transmission signal X. The feedback transfer function G I (s) denotes the competitive inhibition link to the prostaglandin concentration. The results of a simulation are presented in Figure 7 in which the inputs for external signals in cortisol and in prostaglandin are pulsed and the internal cellular response undergoing competitive inhibition responds accordingly. For evaluation, the results are normalized and the time constant is maintained for all units as five minutes. As can be noted the impact of a pulse in external cortisol is attenuated due to the linear transfer function and the inhibition of PGE2. It can be seen that as cortisol levels rise, the output signal continues to do so, until prostaglandin increases to a point in which it significantly competes for the ligand binding domain with cortisol. The result on the output Y is increasing but follows the trajectory similar to PGE2 thereby demonstrating localized control. The simulation of Figure ? ? also indicates the response profile when external PGE2 enters the cellular response, as such may be the case due to an external pathogen. It indicates that the cortisol levels will decrease due to the competitive inhibition, and thus the output response will decrease, indicating the inhibitory effect of the prostaglandin. The response profile in comparison to the situation where cortisol enters the cellular response, is considerable different and highlights the effects of disease on the response. On the contrary, for normative situations, prostaglandins can be used to fine tune the response local when cortisol levels are incresed. . It is noted that PGE2 levels rise as CORT enters the system. Initially it is processed rapidly, only tempered by the natural system response, which for all transfer functions is given as a time constant of five mintues. This result is contrasted to that of (c) which corresponds to the same pulse input sequence, expect that the input is R p , which is external PGE2, where it is noted that the concentration of PGE2 and CORT diverge, while the output response Y decreases, as opposed to that in (b), where it rises. Thus, the response is different dependent upon the nature of the forcing function.
Systems regulation
In [14, 13] , a result indicates that competitive inhibition of cortisol and PGE2, in which PGE2 is externally injected via a pneumococcal vaccination, may present as fever. Thus, PGE2 from external means, which circulates via LPS and is later converted to PGE2 via COX, can interact within the hypothalamus with glucocorticoid receptors and alter the balance between thermoregulatory neurotransmitters and cortisol levels. Thus, the sensory input for cortisol is not in synchronization with the designed response, which results in oscillatory responses. In Figure 8 , the exogeneous entrance of PGE2 from LPS, which is derived from bacterial and viral agents, enters the system, and results in dysfunctional responses due to competitive inhibition at the glucocorticoid receptor. 
Discussion
This research has provided evidence to support the indication, presented here for this first time, that at GR there is competitive inhibition between CORT and the prostaglandins. We believe that this relationship is important not only during normative physiological homeostasis in maintaining optimal localized control, but also the source of significant instances of dysfunction during diseased states. This result is important because of the wide significance and distribution of the bioactive materials: specifically, the glucocorticoid receptor is distributed throughout nearly every cell in the body, and cortisol interacts with GR and is the most common corticosteroid, and prostaglandins are found in nearly every tissue and are a major component of the inflammatory response. Certainly a potential connection between GR, CORT, and PG is critical to the understanding of human physiology.
In this article, a significant relation is shown between configurations of molecular positioning of prostaglandins within the ligand binding domain of glucocorticoid receptors that is normally occupied by cortisol. The agreement is across multiple areas of comparison including molecular weight, functional groups, hydrogen bonding, hydrophobic positioning, and topology including overall dimensional and ring arrangement. The proposed PGE2 configuration at GR appears stable and comparable to CORT and its analogues including DEX and PRED. Other structures of PG including PGE1, PGE3, PGD2, and PGFα also show compatibility.
Thus, the situation of competitive inhibition is established, and the rates of hormone usage of CORT will be altered by the presence of prostaglandin. It appears during normative operation that prostaglandins and cortisol may work in a symbiotic relation, as the cellular output from CORT levels is tempered by the availability of PG and its inhibition factor. The resultant output is consistent with the response intended by CORT, and is in synchronization with PG, which could thereby provide localized control of the tissue segment influenced by PG.
However, when external injections of prostaglandins occur, for example from a diseased state which would circulate higher levels of PGE2, then PG acts in opposition to CORT. Examples are provided at both the cellular level and at the systems level. The interference of PG on CORT may result in symptoms of disease, such as fever.
While this research has focused on the ligand binding domain of the glucocorticoid receptor, other receptors where cortisol acts could also be influenced by prostaglandins, which due to its autocrine and paracrine activity, occupy both the intracellular and extracellular medium. We believe that this is the case, which would potential influence neurotransmission function. Cortisol may act upon membrane bound receptors altering ion channel flow, thereby depolarizing the cell, and thus decreasing the threshold for action potential and increasing its sensitivity. Further usage of the molecular and mathematical models will be used to evaluate diseased conditions and to propose treatment options through chemical affinity and dose simulation and optimization analysis.
Methods
The methods used in this analysis were as follows:
• Molecular Modeling: The ligand binding domain (LBD) of the glucocorticoid receptor for cortisol was identified in [10] from crystal studies, which also indicated the relative positioning of dexamethasone within the LBD. Using these arrangements as a basis for the positioning of the binding structures of the LBD, we analyzed PGE2 and separated the periphery of the stucture into three areas of functional groups, and the core hydrophobic structure. We then organized the PGE2 molecule to match CORT as closely as possible in terms of hydrogen bonding, core ring structures and hydrophobic nature, electrostatic interaction, intramolecular interactions, and topography, while retaining the EZ structure of its double bonds to achieve the following approximate comparative structure of Table 2 .
• Simulation: The simulation analyzing the performance of exogeneous inputs of cortisol and prostaglandins was computed using Matlab Simulink. 
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